Abstract-Time division multiplexing (TDM) and code division multiplexing (CDM) have been investigated for multichannel superconductive sensing systems using single-flux-quantum (SFQ) readout circuits. Output data from a superconductive sensor array can be multiplexed using SFQ binary counters, which count the number of SFQ pulses from each sensor, and are transmitted from a low-temperature environment to a room-temperature equipment using a small number of lines. We have estimated and compared the performance of a multichannel superconductive sensing system that employs TDM and CDM on the basis of analog circuit simulation and circuit design results. TDM is useful for reducing the number of lines, but the slew rate of the sensing system decreases with an increase in the number of channels. On the other hand, in the case of CDM, the slew rate of the system does not decrease with an increase in the number of channels. We have designed and tested a 2-channel digital superconducting quantum interference device system that can perform TDM and CDM employing SFQ up/down binary counters. In both circuits, the 16Φ 0 input waveforms were reconstructed from the measured data, with an error of less than the flux quantum Φ 0 .
I. INTRODUCTION

S
UPERCONDUCTIVE SENSORS have extremely high sensitivity and are used in various applications such as biomagnetic measurement using a superconducting quantum interference device (SQUID) magnetometer [1] , X-ray detection using a transition edge sensor (TES) [2] , and terahertz imaging using a superconducting tunnel junction (STJ) array [3] . The greater the number of sensor channels, the higher is the detection speed and efficiency [4] . However, the number of lines connecting low-temperature and room-temperature environments increases if the multi-channel superconductive sensing system is conventionally built because all sensors are directly controlled and measured by room-temperature equipment. In [5] , a 1024-channel TES array was built using 4096 lines. However, such a large system is difficult to implement. Furthermore, the large number of lines induces thermal and noise inflow to the sensor array and deteriorates the performance of the sensing systems. Hybridization of a superconducting sensor array and a superconductive single flux quantum (SFQ) readout circuit that processes and converts output signals from sensors to digital data suitable for data communication from low-temperature to room-temperature electronics at a high frequency is one of the promising techniques for developing a high-performance multi-channel superconductive sensing system. Thus far, several superconducting sensing systems based on SFQ readout circuits, a digital SQUID magnetometer [6] , a digital double relaxation oscillator (DROS) magnetometer [7] , and a TES array system using quasi-one-junction SQUID (QOS) for X-ray detection [8] have been proposed and implemented. Because the output signal from each sensor is measured using SFQ circuits that process data at high frequency at the low-temperature stage, a further decrease in the number of lines from the lowtemperature stage is possible. Moreover, the performance of the superconductive sensors can be fully utilized because the sensor performance is not limited by the bandwidth of a readout line from the low-temperature stage in this system.
In this study, we have investigated time division multiplexing (TDM), code division multiplexing (CDM), and their circuit structures for a multi-channel superconductive sensing system using SFQ readout circuits. We have estimated the performance of the multi-channel sensing system on the basis of analog circuit simulation. We have implemented and tested a multichannel digital SQUID magnetometer system using investigated TDM and CDM.
II. MULTIPLEXING FOR SFQ CIRCUIT-BASED SENSING SYSTEM
A. Time Division Multiplexing
Fig . 1 shows the block diagram of an N-channel superconductive sensing system in TDM using SFQ readout circuits. The output signal from each sensor is converted to SFQ pulses using signal converters [8] , [9] for data processing. The converted SFQ pulses are input to an n-bit SFQ binary counter that counts the number of input SFQ pulses, which correspond to the amplitudes of the output signals. The required number of bits of the SFQ binary counter, n, is determined by the required slew rate of the sensing system. The SFQ counters are read out by readout clock inputs. By reading out the output of the counters sequentially, the output data of each counter are multiplexed in the time domain and can be transmitted to the room-temperature stage using a small number of readout lines.
1051-8223/$31.00 © 2012 IEEE The TDM circuit can be implemented using simple SFQ binary counters and a merge circuit. Therefore, the circuit structure is relatively simple. The number of lines for input and readout is n + 3, including output parallel n-bit data lines and readout clock input lines for the readout. It should be noted that the number of lines is not proportional to the number of channels N . Therefore, TDM is useful for developing multi-channel sensing systems with a small number of lines. However, when the number of channels increases, the effective slew rate of each sensor decreases because counters are read out sequentially and the readout frequency for each counter is proportional to N . Fig. 2 shows the block diagram of an N-channel sensing system in CDM using SFQ readout circuits. An encoder in Fig. 2 encodes the output signal from each sensor using a Walsh matrix to make the data from each sensor orthogonal. A Walsh matrix is a square matrix in which the inner product of any two rows is zero. The number of elements in the row vector is N . The required number of bits for the counters is greater than that in the case of TDM by log 2 N . The encoded data from each sensor can be input to all counters simultaneously, because the encoded data are orthogonal and do not interfere with each other. The data are decoded after readout of the counters by using the inverse Walsh matrix, and the original signals can be reconstructed. The encoded output data from all sensors are input to all counters, and the readouts are synchronized by a readout clock input. Therefore, the effective slew rate of each channel does not decrease with an increase in the number of channels [10] . However, the circuit structure becomes com- plicated as compared to that of the TDM circuit because an encoder and longer counters are required to implement CDM.
B. Code Division Multiplexing
III. PERFORMANCE ESTIMATION OF MULTI-CHANNEL DIGITAL SQUID MAGNETOMETER
We have designed multi-channel asynchronous digital SQUID magnetometers [11] to estimate the performance of the system by analog circuit simulation. Fig. 3 shows a circuit schematic of the asynchronous digital SQUID and its operation. The external magnetic flux Φ ext penetrates a dc-SQUID loop and can be measured by SFQ circuits. Whenever Φ ext increases by a single flux quantum Φ 0 (= 2.07 × 10 −15 Wb), an SFQ pulse is output as the V p signal. The V n signal is output when Φ ext decreases by Φ 0 . The external magnetic flux can be measured with a resolution of Φ 0 [11] by counting the number of complementary SFQ outputs. The slew rate of one channel of the asynchronous digital SQUID is estimated to be 1.0 × 10 11 Φ 0 /s [11] . Digital SQUIDs are used in various applications such as a geophysics application [12] .
We have implemented TDM and CDM circuits using SFQ up/down binary counters. Fig. 4 shows the block diagram of a 4-bit SFQ up/down counter. The up/down counter comprises adder cells and subtraction cells [13] . The internal state of the counter, which is incremented and decremented by the complementary inputs, is destructively output by inputting the readout clock. We have optimized the circuit parameters to improve the operating frequency. As a result of the optimization, the maximum operational input frequency of the up/down counter reached 167 GHz.
Using the results of the circuit design, we have estimated the effective slew rate of each digital SQUID channel, circuit scale, and the required number of lines from the low-temperature environment for TDM and CDM. In this estimation, the use of 8-bit counters and a 1 GHz readout clock was assumed. Fig. 5 summarizes the dependences of the estimated performance on the number of channels. As discussed in chap. II, the slew rate of the multi-channel digital SQUID in CDM does not depend on the number of channels, whereas the circuit scale of the CDM system becomes greater than that of the TDM system. Because the structure of the CDM circuit is more complicated than that of the TDM circuit, the scale of the CDM circuit is relatively large.
IV. DEMONSTRATION OF 2-CHANNEL DIGITAL SQUID SYSTEM IN TDM AND CDM
We have designed and implemented a test circuit for a 2-channel asynchronous digital SQUID magnetometer using the SRL (Superconductivity research laboratory) 2.5 kA/cm 2 Nb standard process [14] . Two 4-bit SFQ up/down counters are used in this circuit. Fig. 6 shows the microphotograph of the test circuit. In this test circuit, the multiplexing function can be reconfigured by inputting control signals. The test circuit contains 1649 Josephson junctions.
This test circuit can work as either a TDM or a CDM circuit. The function can be reconfigured by inputting control signals. To implement CDM for the 2-channel magnetometer the following 2 × 2 Walsh matrix is used:
The encoder in the CDM circuit was designed on the basis of matrix (1). The 2-channel data are encoded according to the following equation:
where D and S are the encoded data that are input to the SFQ counters and the output data from the sensor array. By substituting the following matrixes corresponding to 2-channel data,
and
the following relations are obtained:
where S n is output signal from the n-th channel, and D n is the encoded data input to the n-th counter. Therefore, the output SFQ signals are added and input to the first counter. The difference of the data from the two sensors is input to the second counter. We input sinusoidal magnetic signals to each channel and measured the input magnetic flux with the test circuit using both TDM and CDM. Frequencies of the input magnetic flux for channels 1 and 2 were 625 Hz and 1.25 kHz, respectively. The amplitude of the input magnetic flux was 16 Φ 0 . The output data from the two counters were recorded with an oscilloscope. After data acquisition, the recorded output data were processed, and the input waveforms were reconstructed. Figs. 7(a) and 8(a) show the reconstructed waveforms of each channel. It can be confirmed that the input signals can be properly reconstructed from the output data in both TDM and CDM. Figs. 7(b) and 8(b) show the calculated errors of the reconstructed waveforms, which correspond to the difference between the reconstructed data and input waveforms. In both TDM and CDM, the measured error was less than Φ 0 , as shown in Figs. 7(b) and 8(b) .
V. CONCLUSION
We have investigated TDM and CDM for multi-channel superconductive sensing systems based on SFQ readout circuits. We have described the advantages and disadvantages of each multiplexing method. We have estimated the performance of a multi-channel sensing system that employs TDM and CDM using circuit design and analog circuit simulation. The TDM circuit is useful for reducing the number of lines for input and readout. A multi-channel sensing system can be built without decreasing the effective slew rate of each sensor by using CDM. We have designed and tested a 2-channel digital SQUID magnetometer system that can work in both TDM and CDM modes by using SFQ up/down counters. The input signals were reconstructed with an error less than the magnetic flux quantum.
